WRKY transcription factors (TFs) are important regulators in the complex stress response signaling networks in plants, but the detailed mechanisms underlying these regulatory networks have not been fully characterized. In the present study, we identified a Group III WRKY gene (PsnWRKY70, Potri.016G137900) from Populus simonii × Populus nigra and explored its function under salt and pathogen stresses. The promoter sequence that is located 2471-bp upstream from the start codon (SC) of PsnWRKY70 contained many stress-responsive cis-elements. Yeast one-hybrid assay suggested the upstream regulators, PsnWRKY70, PsnNAM (Potri.009G141600), PsnMYB (Potri.006G000800) and PsnGT1 (Potri.010G055000), probably modulate the expression of the PsnWRKY70 gene by specifically binding to the W-box or GT1GMSCAM4 (GT1) element. Yeast two-hybrid assay and transcriptome analysis revealed that HP1 (Potri.004G092100), RRM (Potri.008G146700), Ulp1 (Potri.002G105700) and some mitogen-activated protein kinase cascade members probably interact with PsnWRKY70 TF to response to salt stress. Compared with non-transgenic (NT) plants, PsnWRKY70-overexpressing (OEX) plants exhibited improved leaf blight disease resistance, while PsnWRKY70-repressing (REX) plants displayed enhanced salt stress tolerance. PsnWRKY70, PsnNAM, PsnMYB and PsnGT1 exhibited similar expression patterns in NT under salt and leaf blight disease stresses. The differentially expressed genes (DEGs) from NT vs OEX1 and the DEGs from NT vs REX1 exhibited considerable diversification. Most of the DEGs between NT and OEX1 were involved in aromatic amino acid biosynthesis, secondary metabolism, programmed cell death, peroxisomes and disease resistance. Most of the DEGs between NT and REX1 were related to desiccation response, urea transmembrane transport, abscisic acid response, calcium ion transport and hydrogen peroxide transmembrane transport. Our findings not only revealed the salt stress response signal transduction pathway of PsnWRKY70, but also provided direct evidence for the opposite biological functions of PsnWRKY70 TF in response to salt stress and leaf blight disease in P. simonii × P. nigra.
Introduction
The WRKY superfamily is an important plant transcription factor (TF) family. The WRKY proteins are characterized by their DNAbinding domain, which is called the WRKY domain because of the conserved WRKYGQK heptapeptide stretch at the N-terminus (Eulgem et al. 2000 , Rushton et al. 2010 . Based on the number of WRKY domains and the features of zinc finger-like motifs, the family members can be classified into three groups. Generally, Group I members contain two WRKY domains, whereas Group II and III members contain one. Additionally, Group II members contain a Cx4-5Cx22-23HxH-type zinc finger-like motif, while Group III members have a Cx7Cx23HxC-type. Recent phylogenetic analysis further divided Group II WRKY TFs into five subgroups (i.e., Groups IIa, IIb, IIc, IId and IIe) Wang 2005, Rushton et al. 2010) . The WRKY proteins can specifically recognize and bind to the canonical cis-element (CE), W-box (TTGACC/T), in the promoters of their target genes (Rushton et al. 1996 , Eulgem et al. 2000 , Chi et al. 2013 . According to the studies conducted in the past 20 years, WRKY TFs are vital nodes of signaling networks that are involved in various biological processes such as seed dormancy/germination, senescence, development and biotic/abiotic stress responses (Hinderhofer and Zentgraf 2001 , Robatzek and Somssich 2001 , 2002 , Johnson et al. 2002 , Lagace and Matton 2004 , Zhang et al. 2004 , Luo et al. 2005 , Xie et al. 2007 , Pandey and Somssich 2009 , Wu et al. 2009a , 2009b , Buscaill and Rivas 2014 , Sarris et al. 2015 , Adachi et al. 2016 . WRKY proteins usually activate or repress plant transcriptional reprogramming, while some WRKYs even possess both functions. Moreover, a single WRKY TF can regulate several different biological processes (Rushton et al. 2010 ).
As we all know, plants are perpetually exposed to various environmental stresses. These adverse stress factors may be biotic (e.g., pathogens, herbivores and weeds) or abiotic (e.g., water, salinity, temperature and light) in nature (Sharma et al. 2013) . To adapt to these stresses, plants have evolved intricate response regulatory mechanisms during their evolution (Rushton et al. 2010 , Sharma et al. 2013 ). Many TFs act as vital regulatory nodes in plant biotic/abiotic stress response signaling networks (Singh et al. 2002 , Eulgem and Somssich 2007 , Ye et al. 2014 , Karim et al. 2015 . As important stress-responsive TFs, WRKY proteins participate in a wide range of biotic and abiotic stress response processes. For instance, the expression of HvWRKY38 is involved in cold and drought stress responses in barley (Mare et al. 2004) . In Nicotiana benthamiana, the WRKY TFs that are phosphorylated by mitogen-activated protein kinase (MAPK) are important regulators of a nicotinamide adenine dinucleotide phosphate oxidase that is related to plant immunity (Adachi et al. 2015) .
Populus simonii × Populus nigra plants are widely distributed in northern China (from Heilongjiang River to Yellow River). This hybrid poplar grows rapid and is well adapted to saline, cold, drought and barren conditions (Changzhan et al. 1999 , Jiang et al. 2007 ). Therefore, P. simonii × P. nigra is usually considered as ideal material for the study of woody plants' stress response mechanisms. Fueled by the rapid development of modern biotechnologies, considerable progress has been made in our understanding of how WRKY TFs modulate biotic and abiotic stress response networks in herbaceous and woody plants (Deslandes et al. 2002 , Qiu and Yu 2009 , Wu et al. 2009a , 2009b , He et al. 2012 , Zheng et al. 2013 , Ma et al. 2015 . Our previous transcriptome analysis and quantitative real-time polymerase chain reaction (qRT-PCR) experiments have demonstrated that the expression of the PsnWRKY70 gene changed significantly when P. simonii × P. nigra were infected by Alternaria alternata (Fr.) Keissl, or exposed to salt, alkalinity, drought and heavy metal stresses. Moreover, the PsnWRKY70 protein sequence exhibited high homology with Arabidopsis thaliana AtWRKY54/AtWRKY70 proteins (TAIR, AT2G40750.1/ AT3G56400.1) (Chen et al. 2012 . Some previously published reports suggested AtWRKY54 and AtWRKY70 play important roles in leaf senescence and plant defense (Li 2004 , Eulgem 2006 , Li et al. 2006 , Besseau et al. 2012 , H.X.Li et al. 2013 , J.Li et al. 2013 ). The AtWRKY70 TF was reported to be an important node in salicylic acid-and jasmonic acid-mediated signal transduction (Li 2004) . In addition, the expression of the AtWRKY70 gene was significantly induced by Bacillus cereus AR156 and salicylic acid (Kalde et al. 2003 . Eulgem (2006) demonstrated that AtWRKY54 and AtWRKY70 were involved in Pseudomonas syringae resistance of A. thaliana, while Zhang et al. (2013) further implied that AtWRKY70 TF affected P. syringae resistance of A. thaliana through regulating the downstream target gene, AtCRK45 (cysteine-rich receptor-like protein kinase 45). Another report indicated that AtWRKY70 regulated the salt stress response by interacting with the Cys2/His2 zinc finger protein Zat7 (CiftciYilmaz et al. 2007 ). Furthermore, AtWRKY54 and AtWRKY70 TFs were reported to cooperate as negative regulators in the osmotic stress (polyethylene glycol) response (H.X. , J.Li et al. 2013 . Therefore, we speculate that PsnWRKY70 probably plays important roles in biotic and abiotic stress response regulatory networks in P. simonii × P. nigra.
Although substantial progress has been made in exploring the biological functions of WRKY proteins, our understanding of the detailed regulatory mechanisms is still limited (Eulgem et al. 2000 , Rushton et al. 2008 , Chi et al. 2013 , Adachi et al. 2015 . In order to further explore the roles that PsnWRKY70 TF played in stress response regulatory networks in P. simonii × P. nigra, we performed a series of experiments in the present study. First, the promoter of PsnWRKY70 was cloned and subjected to bioinformatics analysis, and the transcription start site (TSS) of PsnWRKY70 was predicted in silico and verified by PCR. Yeast one-hybrid screening and verification were performed to research the upstream regulators of PsnWRKY70. The PsnWRKY70 gene and its encoded protein sequence were then analyzed. The open reading frame (ORF) of PsnWRKY70 was cloned and fused to the green fluorescent protein (GFP), and then the recombinant construct was transferred into P. simonii × P. nigra by Agrobacterium tumefaciens-mediated leaf disc transformation. Salt stress tolerance and leaf blight disease resistance of transgenic and non-transgenic (NT) lines were evaluated and compared based on phenotypes, injury indices, malondialdehyde (MDA) contents and gene expression patterns. Finally, salt stress-treated transgenic and NT leaves were selected for transcriptome sequencing to further identify the salt stress response regulatory mechanisms of PsnWRKY70 TF. Taken together, the above-mentioned experiments can provide valuable clues for our understanding of biotic and abiotic stress response regulatory networks in P. simonii × P. nigra.
Materials and methods

Plant materials and treatments
For cDNA library construction, rooted P. simonii × P. nigra plants were transplanted into plastic pots (20 cm diameter × 18 cm depth) that containing sand and peat (1:2 v/v). The transplanted plants were cultured in the greenhouse of State Key Laboratory of Tree Genetics and Breeding (Northeast Forestry University, China, Northern latitude 45°43′; East longitude 126°38′) at 25-32°C under natural light condition in May 2013. Three-month-old healthy plants were treated with 140 mM NaCl solution (Sinopharm Chemical Reagent Co., Ltd, Shanghai, China), and then the leaves were harvested just prior to treatment (i.e., 0 h), and 6, 12, 36, 72, 108 and 156 h after stress treatment.
For salt stress tolerance analysis, NT, OEX and REX plants were cultured under the same conditions with the plants that were used for cDNA library construction, in June 2015. Twomonth-old healthy plants were subjected to 140 mM NaCl solution every 3 days.
For leaf blight disease resistance analysis, NT, OEX and REX plants were transplanted into 25-cell seedling trays (10 cm × 10 cm × 8 cm) that containing sand and peat (1:2 v/v). Trays were incubated in a phytotron under the following conditions: day/night temperatures, 25°C/20°C; relative humidity, 50-60%; photoperiod, 16-h light/8-h dark; photosynthetic photon flux, 150 μmol m −2 s −1
. Two-month-old plants were sprayed with A. alternata spore suspension (1.0 × 10 7 spores ml
). The fungus was prepared as previously described (Nemsa et al. 2012 , Egusa et al. 2013 . The third to fifth functional leaves were harvested just before (i.e., 0 h) and 36 h after treatment for RNA isolation. The sixth to eighth functional leaves were harvested just before (i.e., 0 days), and 3, 6, 9 and 12 days after treatment for MDA content assay. Plants treated with water were used as controls for all stress treatments. All the samples were harvested with three biological replicates.
For transcriptome analysis: NT, OEX1 and REX1 plants were cultured under the same conditions with the plants that were used for leaf blight disease resistance analysis. When the plants grew to~30 cm, they were subjected to 140 mM NaCl. The fifth functional leaves were collected (two biological replicates per line) 36 h after salt stress.
Total RNA extraction methods
For northern blot, total RNA of each sample was extracted using a modified CTAB method (Chang et al. 1993) . For qRT-PCR, total RNA was extracted using Universal Plant Total RNA Extraction Kit (Spin-column) (Type 1) (BioTeke Corporation, Beijing, China), while double-stranded cDNA was synthesized by ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan). For transcriptome analysis, total RNA of each sample was isolated using EASYspin Plus Plant RNA Kit (Aidlab, Beijing, China), RNA integrity and yield were analyzed using Agilent 2100 bioanalyser (Agilent Technologies, Palo Alto, CA, USA), Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA) and NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Promoter cloning and sequence analysis
Populus simonii × P. nigra genomic DNA (gDNA) was extracted using GenElute™ Plant Genomic DNA Miniprep Kit (SigmaAldrich, St Louis, MO, USA). Four degenerate primers (i.e., AP1, AP2, AP3 and AP4) and three specific primers (i.e., SP1, SP2 and SP3) were used along with the gDNA template for thermal asymmetric interlaced PCR (see Table S1 available as Supplementary Data at Tree Physiology Online). The cloning procedures were performed according to Genome-Walking Kit (Takara, Dalian, China) manual.
The Augustus program (http://bioinf.uni-greifswald.de/ augustus/submission.php) was utilized to predict the TSSs. Specific primer pairs (i.e., T1-F/T1-R, T2-F/T2-R, T3-F/T3-R and T4-F/T4-R, designed based on the predicted TSSs and PsnWRKY70 ORF, see Table S1 
Yeast one-hybrid screening and verification
A normalized three-frame cDNA library was constructed with salttreated P. simonii × P. nigra leaves using CloneMiner II cDNA Library Construction Kit (Invitrogen) and Trimmer-Direct cDNA Normalization Kit (Evrogen, Moscow, Russia). According to promoter sequence analysis, two CEs, W-box (TCCTTGACTTACA TTGTAGAAGAT) and GT1 (CAAGAAAAAAAATTATTATGTTGC) were selected as bait fragments. Three tandem copies of W-box, mutant W-box (TCCAACTCGTACATTGTAGAAGAT), GT1 and mutant GT1 (CAACTTAATAAATTATTATGTTGC) were separately inserted into empty pAbAi plasmid to construct bait vectors. Then, the bait vectors and pGADT7-Rec2-DEST cDNA library plasmids were co-transferred into Saccharomyces cerevisiae Y1Hgold cells (Clontech, Palo Alto, CA, USA) for yeast one-hybrid screening. Positive colonies, which can normally grow on selection medium (SD (Synthetic Dropout medium)/-Leu (leucine)/A bA (Aureobasidin A, 200 ng ml −1 )), were used as templates for colony PCR. The amplicons were sequenced to determine the full-length sequences of positive cDNA fragments.
To further validate the activity and specificity of PsnWRKY70, PsnMYB, PsnNAM and PsnGT1 proteins in the regulation of PsnWRKY70 promoter, we separately inserted the triplicated W-box, mutant W-box, GT1 and mutant GT1 elements into a reformed pCAMBIA1301 plasmid (in which the cauliflower mosaic virus 35S (CaMV 35S)::Hygromycin region was deleted, and a minimal 35S promoter (−46 to +1) was added before the start codon (SC) of β-glucuronidase (GUS) gene) to generate reporter vectors (named as pCAM-Wr, pCAM-Wm, pCAM-Gr and
Tree Physiology Online at http://www.treephys.oxfordjournals.org pCAM-Gm, respectively). The ORF of PsnWRKY70, PsnMYB, PsnGT1 and PsnNAM were separately inserted into pROKII plasmid to construct effector vectors (named as pROKII-W70, pROKII-MYB, pROKII-GT1 and pROKII-NAM, respectively). Then, the reporters and effectors were co-transferred into tobacco (Nicotiana tabacum). Meanwhile, a 35S::luciferase (LUC) vector was also transferred into tobacco to normalize transformation efficiency. Then, the reporter and effector co-transformed tobacco plants were subjected to 140 mM NaCl. GUS activity was determined according to Jefferson's method (Jefferson et al. 1987) , while LUC activity was detected by a Firefly Luciferase Reporter Gene Assay Kit (Beyotime Biotechnology, Shanghai, China). Three biological replicates were performed.
Sequence analysis of PsnWRKY70
The Open Reading Frame Finder and Conserved Domain Search Service tools in NCBI (http://www.ncbi.nlm.nih.gov/) were used to determine the ORF and conserved domains. The basic physicochemical parameters of PsnWRKY70 TF were calculated using ProtParam Tool in ExPASy (http://web.expasy.org/ protparam/). Subcellular localization was predicted using WoLF PSORT (http://www.genscript.com/wolf-psort.html) and CELLO ver. 2.5 (http://cello.life.nctu.edu.tw/). Some A. thaliana and Oryza sativa ssp. japonica Group III WRKY TFs were downloaded from TAIR (http://www.arabidopsis.org/) and RGAP (http://rice. plantbiology.msu.edu/) databases for multiple sequence alignment (which was performed by the ClustalW program of BioEdit). A phylogenetic tree based on 32 WRKY proteins from different species was constructed by MEGA ver. 6.0 (neighborjoining algorithm, 1000 bootstrap replications).
Gene cloning, vector construction and genetic transformation
To construct the OEX vector, a pair of gene-specific primers, PsnWRKY70-F and PsnWRKY70-R (see Table S1 available as Supplementary Data at Tree Physiology Online) were designed based on the Populus trichocarpa Potri.016G137900 transcript. Then, these primers were used along with P. simonii × P. nigra cDNA template to amplify the full length of PsnWRKY70 ORF (lacking the stop codon). The amplicons were then purified and inserted into pGWB5 vector using pENTR Directional TOPO Cloning Kit and Gateway LR Clonase II enzyme mix (Invitrogen) (Hartley et al. 2000 , Zhu et al. 2009 ). The CaMV 35S promoterderived pGWB5-PsnWRKY70-GFP OEX vector was then transferred into A. tumefaciens EHA105 cells by electroporation.
The artificial microRNA interference (amiRNAi) method was used for repressing the PsnWRKY70 gene (Schwab et al. 2006 , Ossowski et al. 2008 . Web MicroRNA Designer (http://wmd3. weigelworld.org/cgi-bin/webapp.cgi) was utilized to design PsnWRKY70-specific amiRNAi primers (i.e., I miR-s, II miR-a, III miR*s and IV miR*a, see Table S1 available as Supplementary Data at Tree Physiology Online). After four PCR processes, the final amplicons were inserted into pGWB5 to generate the pGWB5-amiRNAiPsnWRKY70-GFP REX vector. Then, the REX vector was transferred into EHA105 cells by electroporation.
OEX and REX vectors were transferred into P. simonii × P. nigra using the A. tumefaciens-mediated leaf disc transformation method (Tepfer 1984 , Valvekens et al. 1988 , Yevtushenko and Misra 2010 : sterile and wounded P. simonii × P. nigra leaves were soaked in A. tumefaciens solution for 5-10 min. The infected leaves were co-cultured on Murashige and Skoog (MS) basal medium (PhytoTechnology Laboratories, Shawnee Mission, KS, USA) supplemented with 0.5 mg l −1 6-benzylaminopurine (BAP) (Sigma-Aldrich) and 0.1 mg l −1 1-naphthaleneacetic acid (NAA) (Sigma-Aldrich) in darkness for 2 days. Then, the leaves were transferred to MS medium supplemented with 0.5 mg l −1 BAP, 0.1 mg l −1 NAA, 50 mg l −1 kanamycin (Sigma-Aldrich) and
for 3-7 weeks until kanamycin-resistant buds appeared. When the resistant buds grew to 3-5 cm, they were transferred to half-strength MS medium supplemented with 0.2 mg l −1
indole-3-butyric acid (Sigma-Aldrich), 20 mg l −1 kanamycin and 100 mg l −1 cephalosporin.
Confirmation of transgenic plants
The PsnWRKY70-F/PsnWRKY70-R and pRS300-F/pRS300-R primer pairs were utilized for OEX and REX PCR validations. The expression levels of PsnWRKY70 in transgenic and NT lines were detected by qRT-PCR using gene-specific primers (i.e., PsnW70-F/ PsnW70-R) and internal reference primers (i.e., TUA-F/TUA-R, UBQ-F/UBQ-R and 18S-F/18S-R) (see Table S2 available as Supplementary Data at Tree Physiology Online). For northern blot, RNA samples were separated on 1% (w/v) formaldehyde denaturing agarose gel, and then transferred to a Hybond-N+ nylon membrane (Roche, Mannheim, Germany). Gene-specific primers were designed for PsnWRKY70 (F: 5′-ACAAGAGAA GAAAAAGTTCCCACT-3′; R: 5′-ACTGTGTGAGCTCGTAGTGC-3′) and Psn18S (F: 5′-CCGTCCTAGTCTCAACCATA-3′; R: 5′-CTCTCA GTCTGTCAATCCTTAC-3′) to produce digoxin-labeled probes (DIG High Prime DNA Labelling Kit, Roche). After pre-hybridization (42°C, 4 h; 65°C, 2 h) and hybridization (65°C, 16 h), the nylon membrane was washed, blocked, developed and scanned.
Stress response analysis
Plant heights during salt and pathogen stresses were measured by a ruler (10 individual plants were measured per line). Leaf salt injury index and leaf disease index were proposed to evaluate salt tolerance and disease resistance. Leaf salt injury grading standard was set as follows: Grade 0, leaf grew normally with no salt injuries; Grade 1, <20% of total leaf area turned yellow or withered; Grade 2,~50% of total leaf area turned yellow or withered; Grade 3, >80% of total leaf area turned yellow or withered; Grade 4, leaf died. Leaf disease index grading standard was set as follows: Grade 0, leaf was absolutely healthy; Grade 1, <20% of total leaf area contained spots or withered; Grade 2,~50% of total leaf area contained spots or withered; Grade 3, >80% of total leaf area contained spots or withered; Grade 4, leaf died. Leaf salt injury index and disease index of each plant were calculated as follows:
where i indicates the grade level (i.e., 0-4); N i indicates the number of grade i leaves; N t indicates the total number of leaves; and G max indicates the highest grade level (i.e., 4). MDA contents were determined using the TBA (2-thiobarbituric acid) method (Malondialdehyde Detection Kit, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) (Heath and Packer 1968 , Loh et al. 2010 , H.X.Li et al. 2013 , J.Li et al. 2013 ).
Transcriptome analysis
For each sample,~20 μg total RNA was sent to Biomarker company (Biomarker Technologies Co., Ltd, Beijing, China) for highthroughput Illumina HiSeq 4000 sequencing (Illumina, San Diego, CA, USA). With TopHat (ver. 2.0.9) software (Trapnell et al. 2009 ), clean reads were mapped to P. trichocarpa mRNA reference sequence (ftp://ftp.jgipsf.org/pub/compgen/phytozome/ v9.0/Ptrichocarpa/assembly/Ptrichocarpa_210.fa.gz). Transcript expression levels were measured as fragments per kilobase of transcript per million mapped reads by Cufflinks (Trapnell et al. 2010) . The differentially expressed genes (DEGs) between different samples were restricted with false discovery rate <0.05 (P-value was adjusted using Benjamini-Hochberg method; Benjamini and Hochberg 1995) and fold change (FC) ≥2. We annotated the DEGs and their encoded proteins by comparing them against NCBI, Swiss-Prot database, NCBI nonredundant nucleotide sequence database, non-redundant protein database and so on. Then, the DEGs were imported into Blast2 GO program (Gotz et al. 2008 ) to identify gene ontology (GO) terms. Singular enrichment analysis in agriGO database (http:// bioinfo.cau.edu.cn/agriGO/analysis.php) was performed to identify significantly enriched GO terms. KEGG Orthology-Based Annotation System 2.0 (KOBAS, http://kobas.cbi.pku.edu.cn/ program.run.do) was utilized to identify significantly enriched pathways (Wu et al. 2006 , Xie et al. 2011 ).
Quantitative real-time polymerase chain reaction
Gene-specific primers (see Table S2 available as Supplementary Data at Tree Physiology Online) were designed by Primer Premier 6.0 software and the Primer-BLAST tool in NCBI (http:// www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC= BlastHome). The qRT-PCR experiments were performed using SYBR Green Real-Time PCR Master Mix Plus (Toyobo) and ABI PRISM 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The amplifying process was set as follows:
95°C for 1 min; 40 cycles of 95°C for 15 s and 60°C for 1 min. The finally achieved data were analyzed by 2 -ΔΔCT method (Livak and Schmittgen 2001) .
Results
Promoter analysis and yeast one-hybrid assays
In consideration of the importance of promoters in gene transcription initiation and expression regulation, we performed promoter analysis to comprehensively understand the biological functions of the PsnWRKY70 gene. The TSSs were predicted to be located at 179, 99 and 49 bp upstream from the SC of PsnWRKY70 (see Figure S1a available as Supplementary Data at Tree Physiology Online). Further PCR validations suggested the TSS was most likely to be located at 99 bp upstream from the SC (i.e., TSS2; see Figure S1b available as Supplementary Data at Tree Physiology Online). The 2471-bp promoter sequence of PsnWRKY70 was cloned using genome-walking method (see Figure S1c available as Supplementary Data at Tree Physiology Online).
In silico analysis revealed that lots of stress-responsive CEs existed in the promoter of PsnWRKY70. Among these CEs, W-box (TGAC) and GT1 elements (GAAAAA) were considerably enriched (Figure S1c available as Supplementary Data at Tree Physiology Online). Yeast one-hybrid screening showed that there were five gene products (i.e., BTB/POZ domain-containing family protein, named as PsnBTB/POZ, Potri.002G166700; carotenoid cleavage dioxygenase 1 family protein, PsnCCD1, Potri.009G060500; zinc finger family protein, PsnZFP, Potri.014G091000; probable WRKY TF 70, PsnWRKY70; F-box protein At4g00755 isoform X2, PsnFP, Potri.014G076300) that bind to W-box and its adjacent sequence. Meanwhile, seven gene products (i.e., no apical meristem family protein, PsnNAM; digalactosyldiacylglycerol synthase 1, PsnDDS1, Potri.006G203200; MYB family TF, PsnMYB; lysine and histidine specific transporter family protein, PsnLHTP, Potri.001G335200; DNA-binding protein GT1, PsnGT1; eukaryotic translation initiation factor 6-2, PsnETIF6-2, Potri.010G229800; apolipoprotein D, PsnAPD, Potri.018G110800) were able to bind to GT1 element and its adjacent sequence ( Figure 1a and Table S3 available as Supplementary Data at Tree Physiology Online).
To further confirm the interactions between PsnWRKY70/ PsnMYB/PsnNAM/PsnGT1 proteins (selected based on several previously published reports, Agarwal et al. 2006 , Li et al. 2010 , Puranik et al. 2012 , Liang et al. 2016 and their corresponding CEs, the reporter (pCAM-Wr/Wm/Gr/Gm) and effector (pROKII-W70/MYB/GT1/NAM) vectors were cotransferred into tobacco leaves. Relative GUS/LUC activity assays indicated PsnWRKY70 can specifically bind to W-box, while PsnMYB, PsnGT1 and PsnNAM can specifically bind to the GT1 element under plant cell environment in response to salt stress (Figure 1d and e).
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Sequence and expression analysis of PsnWRKY70
The ORF of PsnWRKY70 was 966 bp in length, and encoded a putative 321-amino acid protein. The single WRKY domain and the Cx7Cx23HxC-type zinc finger-like motif suggested PsnWRKY70 TF was a Group III member (see Figure S2 available as Supplementary Data at Tree Physiology Online). The likely formula of PsnWRKY70 was C 1553 H 2405 N 445 O 513 S 16 , the theoretical pI was 5.72 and the molecular weight was 36.03 kDa. Subcellular localization prediction indicated PsnWRKY70 was most likely to be located in the nucleus. Multiple sequence alignment suggested PsnWRKY70 was aligned with the Group III WRKY TFs from A. thaliana and O. sativa ssp. japonica (Figure 2a ). Phylogenetic analysis revealed that there was high homology between PsnWRKY70 and Populus euphratica WRKY70 (XP_011001689.1) (Figure 2b ).
We performed qRT-PCR to investigate the expression levels of PsnWRKY70 in different tissues (i.e., leaf, root and stem) of P. simonii × P. nigra. The results showed that PsnWRKY70 displayed high expression level in leaf, and low expression levels in root and stem (see Figure S2 available as Supplementary Data Tree Physiology Online at http://www.treephys.oxfordjournals.org at Tree Physiology Online). In consideration of the high expression level of PsnWRKY70 in leaf, the subsequent experiments were all conducted using leaves as materials.
Generation and confirmation of PsnWRKY70 transgenic plants
To further explore the biological functions of PsnWRKY70 under different stresses, we overexpressed and repressed the PsnWRKY70 gene in P. simonii × P. nigra by genetic transformation experiments, and conducted stress response assays on transgenic and NT plants. After two screenings on kanamycinresistant buds, 8 OEX and 10 REX lines were finally achieved (Figure 3a) . The gDNA PCR validations indicated PsnWRKY70 ORF was detected in OEX lines, while the specific amiRNAi vector sequence (pRS300, 699 bp) was detected in REX lines (Figure 3b and c) . Northern blot analysis revealed that OEXs exhibited strong hybridization signals of PsnWRKY70, whereas NT and REX lines exhibited very weak signals (Figure 3d ). The qRT-PCR results indicated the expression levels of PsnWRKY70 in OEXs were significantly higher than that in REXs and NT (Figure 3e ).
Salt stress and leaf blight disease responses of transgenic and NT lines
According to the raw measured data, REX lines (REX1-REX3) were generally taller than OEX (OEX1-OEX3) and NT lines under normal growth condition (Tables 1 and 2 ). The height growth (HG) and relative HG (i.e., relative height growth rate, RHGR) of OEXs, REXs and NT during salt and pathogen stresses are listed in Tables 1 and 2 . Under salt stress, the RHGRs of REXs were significantly bigger than that of NT and OEXs. Additionally, among all the salt-treated lines, REX1 displayed the maximal RHGR (0.296 ± 0.008), while OEX2 exhibited the minimal RHGR (0.199 ± 0.011) ( Table 1) . Under pathogen stress, REXs tended to grow slower than NT and OEXs. Moreover, OEX3 displayed the maximal RHGR (0.264 ± 0.019), while REX1 exhibited the minimal RHGR (0.154 ± 0.012) during leaf blight disease ( Table 2) .
As for leaf injury degree, on one hand, leaf salt injury index calculation indicated that OEXs suffered more severe salt injury than NT and REXs. On the other hand, leaf disease index calculation suggested that REXs displayed more severe disease symptoms than NT and OEXs. Additionally, REX2 had the minimal leaf salt injury index (52.06% ± 1.34%), while OEX2 had the minimal leaf disease index (27.30% ± 1.50%) (Figure 4a-d) .
As the final product of lipid-peroxidation, MDA is a vital biochemical marker of cell membrane injury (Taulavuori et al. 2001 , Anjum et al. 2015 . In general, MDA contents of OEX, REX and NT lines considerably increased during salt and pathogen stresses (Figure 4e and f) . Three days after salt stress treatment, MDA levels of OEXs became significantly higher than that of NT and REXs (Figure 4e ). Three days after fungal infection, MDA levels of NT and REXs became higher than that of OEXs (Figure 4f) . Intriguingly, OEX2 exhibited the maximal MDA increase range under salt stress, but the minimal MDA increase range under pathogen stress (Figure 4e and f) .
In order to study the expression patterns of PsnWRKY70 under salt and pathogen stresses and further validate the results of yeast one-hybrid assays, we performed qRT-PCR experiments involving PsnWRKY70, PsnNAM, PsnMYB and PsnGT1 genes. According to qRT-PCR results, 36 h after salt stress treatment: PsnWRKY70 and PsnNAM were slightly (FC <2) down-regulated, while PsnMYB and PsnGT1 were unchanged in NT ( Figure 5a) ; PsnWRKY70, PsnMYB and PsnGT1 were obviously (FC ≥2) down-regulated in OEX2 ( Figure 5b) ; PsnMYB (2.03-fold) and PsnGT1 (1.32-fold) were up-regulated, while PsnWRKY70 and PsnNAM were unchanged in REX2 (Figure 5c ). In response to leaf blight disease: the four genes were all significantly up-regulated in NT (PsnWRKY70, 29.9-fold; PsnNAM, 12.5-fold; PsnMYB, 48.3-fold; and PsnGT1, 7.3-fold) and REX1 (PsnWRKY70, 29.4-fold; PsnNAM, 39.2-fold; PsnMYB, 23.5-fold; and PsnGT1, 12.5-fold) ( Figure 5d and f); PsnNAM and PsnMYB were almost unchanged, while PsnWRKY70 and PsnGT1 were significantly down-regulated in OEX2 (Figure 5e ). Cluster analysis indicated PsnWRKY70, PsnNAM, PsnMYB and PsnGT1 exhibited similar expression patterns in NT under salt and pathogen stresses (Figure 5g ).
Transcriptome analysis of NT, OEX1 and REX1
After sequence trimming, we achieved 141.4 million clean reads (20.2-30.0 million per library, Q30 ≥94.45%). About 12.5-18.1 million clean reads per library could be mapped to the P. trichocarpa genome (see Table S4 available as Supplementary Data at Tree Physiology Online). Compared with NT, there were 517 DEGs in OEX1 (338 up-regulated DEGs and 179 down-regulated DEGs), and 70 DEGs in REX1 (27 upregulated DEGs and 43 down-regulated DEGs) under salt stress ( Figure 6 and see Table S5 available as Supplementary Data at Tree Physiology Online). Furthermore, there were many upregulated or down-regulated MAPK cascade members among all the DEGs (see Table S5 available as Supplementary Data at Tree Physiology Online). According to GO enrichment, GO terms related to shikimate biosynthesis, chorismate biosynthesis, negative regulation of programmed cell death, defense responses to fungi and salicylic acid biosynthesis were significantly enriched in OEX1 (see Figures S3a and S4 available as Supplementary Data at Tree Physiology Online); in contrast, GO terms related to desiccation response, urea transmembrane transport, abscisic acid response, calcium ion transport and hydrogen peroxide transmembrane transport were significantly enriched in REX1 (see Figures S3b and S4 available as Supplementary Data at Tree Physiology Online). KEGG enrichment revealed that DEGs related to phenylalanine metabolism, peroxisomes and plant-pathogen interactions, as well as the biosynthesis of aromatic amino acid (i.e., phenylalanine, tyrosine and tryptophan), secondary metabolites, phenylpropanoids (a group of plant secondary metabolites derived from phenylalanine and having a wide variety of functions both as structural and signaling molecules is involved in lignin biosynthesis) and amino acids were enriched in OEX1 (see Figure S3c and Tables S6-S1 available as Supplementary ; pGWB5-PsnWRKY70-GFP plasmid, NT gDNA and deionized water were utilized as the PCR templates for Lanes 1-3; OEX1-OEX4 gDNA were utilized as the PCR templates for Lanes 4-7. (c) PCR validations on REX lines; M, DNA Marker DL2000; pGWB5-amiRNAiPsnWRKY70-GFP plasmid, NT gDNA and deionized water were utilized as the PCR templates for Lanes 1-3; REX1-REX4 gDNA were utilized as the PCR templates for Lanes 4-7. (d) Northern blot results. (e) The expression levels of PsnWRKY70 in OEX, REX and NT lines, O1-O8 = OEX1-OEX8, R1-R10 = REX1-REX10; asterisks indicate significant expression differences among different lines based on Student's t-test (n = 3, P < 0.05).
Tree Physiology Online at http://www.treephys.oxfordjournals.org Data at Tree Physiology Online); meanwhile, DEGs related to pyrimidine, ether lipid metabolic pathways as well as the biosynthesis of ubiquinone and terpenoid-quinones, aromatic amino acid, cutin, suberin and wax were enriched in REX1 (see Figure S3d and Tables S6-S2 available as Supplementary Data at Tree Physiology Online). Unexpectedly, there were some disease resistance-related pathways among the enriched biological processes in OEX1. These unexpected pathways were mainly related to the following DEGs: Potri.013G153400, Potri.009G082900, Potri.004G089400, Potri.017G126200, Potri.002G216800 and Potri.003G150200 (see Table S7 available as Supplementary Data at Tree Physiology Online).
Discussion
The biological functions of PsnWRKY70 under salt and leaf blight disease stresses According to multiple sequence alignment, the considerable sequence similarity between PsnWRKY70 and AtWRKY54/ AtWRKY70 indicates that PsnWRKY70 is a potential stressresponsive regulator (Li 2004 , Eulgem 2006 , Li et al. 2006 , H.X.Li et al. 2013 , J.Li et al. 2013 . Promoter sequence analysis revealed that many biotic/abiotic stress-responsive CEs were enriched upstream of the PsnWRKY70 gene, and this finding provides further evidence for the potential importance of PsnWRKY70 in biotic/abiotic stress responses.
Salt and pathogen stresses are common environmental stimuli that mercilessly threaten plant growth and development. Salt stress affects plant ionic and osmotic homeostasis, detoxification and growth regulation (Zhu 2002 , Mahajan et al. 2008 . The opportunistic fungus A. alternata causes leaf spots, rots and blights on susceptible hosts, and it can enter into plants within 12 h after initial exposure (Timmer et al. 2003) . We previously demonstrated that the expression of PsnWRKY70 is significantly changed under high salinity and A. alternata treatments . In this study, stress response evaluations indicated that REXs exhibited stronger salt tolerance than NT, while OEXs displayed stronger leaf blight disease resistance than NT. These findings implied the opposite functions of PsnWRKY70 in salt stress response and leaf blight disease response.
Under salt stress, the expression of PsnWRKY70 was downregulated in NT and OEX2, and was almost unchanged in REX2. In consideration of the inherent low expression of PsnWRKY70 in REX2 and the enhanced salt tolerance of REX2, we suppose that lower expression level of PsnWRKY70 will lead to stronger salt tolerance of P. simonii × P. nigra; in other words, HG (cm) = plant height-12 days (cm) − plant height-0 days (cm); relative HG = HG (cm)/plant height-0 day (cm); data indicate means ± STDEV (n = 10, P < 0.05, multiple comparison method: Duncan). Values labeled with different letters in the same column indicate significant difference among different lines. Tree Physiology Volume 37, 2017
PsnWRKY70 TF is a negative regulator in response to salt stress. Under leaf blight disease stress, the expression of PsnWRKY70 was significantly up-regulated in NT and REX1, and was down-regulated in OEX2. The inherent high expression of PsnWRKY70 in OEX2 and the improved disease resistance of OEX2 suggest that higher expression level of PsnWRKY70 will Tree Physiology Online at http://www.treephys.oxfordjournals.org lead to stronger leaf blight disease resistance of P. simonii × P. nigra; that is to say, PsnWRKY70 TF probably plays a positive regulatory role in leaf blight disease response. Intriguingly, our findings are somewhat similar to a previous report which implied that rice WRKY76 TF had the opposite effect on blast disease (biotic stress) resistance and cold stress (abiotic stress) tolerance (Yokotani et al. 2013) . In brief, these facts indicate that PsnWRKY70 TF acts as repressor or activator in response to salt or pathogen stress.
Signal transduction pathway of PsnWRKY70 under salt and leaf blight disease stresses
Yeast one-hybrid screening demonstrated that PsnBTB/POZ, PsnCCD1, PsnZFP, PsnWRKY70, PsnFP, PsnNAM, PsnDDS1, PsnMYB, PsnLHTP, PsnGT1, PsnETIF6-2 and PsnAPD proteins are all possible salt stress-responsive upstream regulators of the PsnWRKY70 gene. Subsequent verifications further confirmed the activity and specificity of PsnWRKY70, PsnMYB, PsnGT1 and PsnNAM proteins in the regulation of the PsnWRKY70 promoter. It is notable that expression of the PsnWRKY70 gene can be regulated by PsnWRKY70 TF, and this interesting finding reflects the self-regulation (i.e., WRKY TF binds to its own W-box to regulate the expression of its own gene) phenomenon of WRKY signaling networks (Robatzek and Somssich 2002 , Eulgem and Somssich 2007 , Rushton et al. 2010 . GT1 is a vital CE in the promoter of SCaM-4 (soybean calmodulin isoform 4 gene), and it can recognize and bind to GT1 TFs in response to pathogen and high salinity stresses (Park et al. 2004) . In this study, we found that PsnMYB, PsnGT1 and PsnNAM TFs bound to the GT1 element in response to salt stress. Some previously published reports suggested MYB, GT1 and NAM were all very important stress-responsive regulators (Agarwal et al. 2006 , Li et al. 2010 , Puranik et al. 2012 , Liang et al. 2016 . For example, in order to enhance plant Tree Physiology Online at http://www.treephys.oxfordjournals.org resistance to P. syringae pv. tomato DC3000, AtMYB44 directly up-regulated the expression of AtWRKY70 by binding to a conserved CE (Shim et al. 2013 ). Based on a series of yeast transactivation assays, Hao et al. demonstrated that soybean (Glycine max) NARD (NAC repressing domain) could repress the transactivation ability of GmWRKY53 (an abiotic stress-responsive TF) (Zhou et al. 2008 , Hao et al. 2010 . AtGT-3b protein (Arabidopsis GT1-like TF) was reported to interact with the GT1 element in vitro and in yeast cells (Park et al. 2004 ). The qRT-PCR results revealed that PsnNAM and PsnWRKY70 were down-regulated, while PsnMYB and PsnGT1 were unchanged 36 h after salt stress in NT.
In view of the above-mentioned facts, we speculate that PsnNAM, PsnMYB and PsnGT1 TFs regulate the PsnWRKY70 gene by suppressing its expression, while the PsnWRKY70 TF regulates the PsnWRKY70 gene by a self-regulation mechanism in response to salt stress. Furthermore, PsnNAM, PsnWRKY70, PsnMYB and PsnGT1 were all significantly up-regulated after pathogen stress in NT. We speculate that PsnWRKY70, PsnNAM, PsnMYB and PsnGT1 are possible positive pathogen-responsive regulators of the PsnWRKY70 gene. Additionally, our previous yeast two-hybrid and Glutathione S-transferase pull-down assays (Zhao et al. 2016) showed that P. simonii × P. nigra HP1 (hypothetical protein1, contained a conserved Clp domain), RRM (RNA recognition motif-containing family protein) and Ulp1 (Ulp1 protease family protein) interacted with PsnWRKY70 under salt stress. The considerable diversification of the DEGs in the present study suggests that OEX1 and REX1 probably initiate different signaling mechanisms to respond to salt stress. The DEGs between REX1 and NT are mainly involved in some common salt stress responses such as desiccation response (Li et al. , 2016 , urea transmembrane transport (Del et al. 2006 , Kumari et al. 2015 , abscisic acid response (Busk and Pages 1998 , Tuteja 2007 , Chen and Polle 2010 , calcium ion transport (Tuteja 2007 , Song et al. 2008 , Chen and Polle 2010 , Dubrovina et al. 2013 ) and hydrogen peroxide transmembrane transport (Chen and Polle 2010 , Pottosin et al. 2014 , Hossain and Dietz 2016 . The DEGs between OEX1 and NT are mainly related to the regulation of aromatic amino acid biosynthesis (Tzin and Galili 2010, Maeda and Dudareva 2012) , secondary metabolism (Chapple et al. 1992, Figure 7 . Schematic model of salt/leaf blight disease stress response signal transduction pathways of PsnWRKY70 TF. The upstream regulators (PsnBTB/POZ, PsnCCD1, PsnZFP, PsnWRKY70, PsnFP, PsnNAM, PsnDDS1, PsnMYB, PsnLHTP, PsnGT1, PsnETIF6-2 and PsnAPD) regulate the expression of the PsnWRKY70 gene via specifically binding to W-box or GT1 elements; the binding activity and specificity of the red typed proteins (i.e., PsnWRKY70, PsnNAM, PsnMYB and PsnGT1) with W-box and GT1 elements have been validated under the plant cell environment; HP1, RRM, Ulp1 and some MAPK cascade members interact with PsnWRKY70 TF to participate in the salt stress response networks; the predicted target genes of PsnWRKY70 TF are listed in the dashed box.
Tree Physiology Volume 37, 2017 Whetten and Sederof 1995 , Gachon et al. 2005 , Park et al. 2015 , Sadeghnezhad et al. 2016 , programmed cell death (Vanyushin et al. 2004 , Lim et al. 2007 , Gunawardena 2008 , peroxisomes (Rottensteiner and Theodoulou 2006, Steinberg et al. 2006 ) and disease resistance (Dangl and Jones 2001 , Asai et al. 2002 , Jones and Dangl 2006 , Rottensteiner and Theodoulou 2006 . Except for salt stress-responsive DEGs, six disease-responsive DEGs were significantly up-regulated in OEX1. Additional CE analysis revealed that the core W-box (i.e., TGAC or its reverse complement GTCA) was enriched in the promoters of these six DEGs (except for Potri.003G150200) (see Table S7 and Figure S5a -f available as Supplementary Data at Tree Physiology Online). Subsequent qRT-PCR analysis showed that the expression levels of these six DEGs were all upregulated in OEXs under non-stress conditions (see Figure S5g available as Supplementary Data at Tree Physiology Online). A possible explanation for this phenomenon is that the expression levels of the six disease-responsive DEGs are just affected by the overexpression of the PsnWRKY70 gene in OEX1, i.e., these six DEGs are possible direct or indirect targets of PsnWRKY70 TF. Additionally, the improved leaf blight disease resistance of OEXs also provides some clues for the potential cause-and-effect relationship between the overexpression of PsnWRKY70 and the up-regulation of diseaseresponsive genes.
Previous studies have demonstrated that some WRKY TFs interacted with specific MAPK cascade members to modulate disease resistance, wounding/herbivory responses and senescence signaling pathways in A. thaliana, Nicotiana attenuata, Hordeum vulgare and O. sativa L. cv. Dongjin (Asai et al. 2002 , Andreasson et al. 2005 , Adachi et al. 2015 . Our transcriptome analysis revealed that the expression levels of many MAPK cascade members were significantly changed in OEX1 and REX1 under salt stress. Therefore, we speculate that these MAPK cascade members probably interact with PsnWRKY70 TF in response to salt stress, and this hypothesis needs to be further verified in our future studies involving qRT-PCR, yeast two-hybrid assays, chromatin immunoprecipitation and other biological experiments. All the above-mentioned results can provide valuable clues for our exploration into the salt/pathogen stress response signal transduction pathway of PsnWRKY70.
Conclusions
In this study, we identified and cloned the PsnWRKY70 gene and its promoter. The upstream regulators of PsnWRKY70 were detected by yeast one-hybrid assay, while the interactive proteins of PsnWRKY70 TF were identified by our previous yeast two-hybrid assay and the present transcriptome analysis. Stress response analysis revealed that OEXs displayed stronger leaf blight disease resistance than NT, while REXs exhibited stronger salt stress tolerance than NT. The DEGs from NT vs OEX1 and the DEGs from NT vs REX1 exhibited considerable diversification. Potential target genes of PsnWRKY70 TF were predicted based on the unexpected DEGs between NT and OEX1. We have summarized our findings in a simplified schematic diagram (Figure 7 ), but the stress response signaling mechanisms of PsnWRKY70 TF have not been fully characterized, and further exploratory research in the near future is therefore very necessary.
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